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In-bin grain drying reduces the moisture content of field harvested grain down to a level suitable 
for profitable storage.  The traditional method for in-bin deep bed grain drying is conducted in a cylindrical 
grain bin with an approximate height to diameter aspect ratio of 1:2, a stirring mechanism, a bottom 
plenum, a fan, and a heating element.  This method poses problems by having a drying front that can 
move through the grain bed too slowly causing over or under drying leading to losses.  This method also 
requires a stirring mechanism with significant capital costs and the inability to use sensing cables to 
monitor and control the drying process.  This thesis proposes a new system that eliminates the need for 
a stirring mechanism, decreases the drying front phenomena, decreases drying duration, and decreasing 
operating costs.  An EXCEL model was created using equations for pressure loss, moisture content, 
equilibrium relative humidity, and psychrometric properties to estimate the function of a 3 ft tall by 4 ft 
diameter bin.  A prototype was constructed and experiments for both the traditional and proposed system 
were conducted to validate the model’s implications.  Starting at a moisture content of 14% wet basis, 
soybeans were dried to 7% wet basis.  The data from the experiment showed the traditional system dried 
as the model predicted, and some data from the proposed system showed a faster drying rate than the 
traditional system.  There was suspected error in sampling moisture content and determining the amount 
of wetting of the soybeans and further testing should be conducted to confirm this observation.  The 
model predicted a 9 hour faster drying duration for the proposed system with the same fan and drying air 
temperature.  The model was scaled up to an industrial size grain bin of 20 ft tall by 27 ft diameter, and 
for the proposed system, it calculated a drying duration that was 24% or 1.4 days shorter and a reduction 
in operating costs by 22.7% saving $417.43 in the proposed system compared to the traditional system.  
This model and experiments indicate that further testing should be conducted to determine if the 
proposed method could be a suitable alternative for traditional in-bin, deep bed grain drying.  
 CONFIDENTIAL 2 
Introduction 
In-bin grain drying is a batch process that removes moisture from freshly harvest grain to allow 
storage.  Grain drying is essential to farmers to produce a high value crop after harvest.  It allows producers 
to plan the harvest for efficient use of labor and to avoid losses from field drying because of weather 
changes and natural deterioration of the crop.  Grain dried to a moisture content suitable for storage 
allows producers to employ optimal selling strategies since they can store grain without spoiling until 
prices peak (Henderson et al., 1997).  Harvesting technologies that collect a crop such as soybeans at 80 
acres per day, with a yield of 50 bushels in an acre, will fill an average grain bin of 12,000 to 35,000 bushels 
in 3 to 9 days (Brian Mack, Mack Farms, personal communication, October 29, 2017).  With a single 
producer managing thousands of acres of crop, it is essential to control the grain drying process from field 
moisture content to desired moisture content to optimize a selling strategy. 
In November 2017, the United States Department of Agriculture released statistics on world 
agricultural production that showed the United States produced 2,133.20 million metric tons of total 
grains in the crop year 2016-2017.   In soybean production alone, farmers allotted 33.47 million hectares 
to soybean crop.  The yield in this same year of 2016-2017 was 3.49 metric tons per hectare resulting in 
116.92 million metric tons of production (USDA, 2017).  The United States was responsible for 33% of the 
world production of soybeans.  This production scale would be equivalent to 117 million metric tons of 
soybeans and at 797 kg/m³ and 423 to 1,233 m³ in an average bin, farmers in the United States collectively 
could use between 123,000 to 358,000 grain bins a year so any improvement in the grain drying process 
could have a large impact (Murphy, 1993).   
In order to supply the world’s rapidly growing population with food and raw materials for 
industrial processes, grain drying has evolved over the years.  Early grain drying utilized the sun and wind 
for field drying over extended periods of time.  This method subjected grain to losses because of weather 
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changes and ample space.  A need for faster, more reliable, and less risky drying methods arose as farming 
transitioned from small scale subsistence to industrial scale.  As the scale of industrial production created 
greater amounts of grain to dry, the batch method became economically desirable. Batch method drying 
is used in traditional farming operations because of the scale at which the process can be carried out.  
Drying bins used for batch method drying are less expensive, easier to maintain, operate, and are highly 
versatile (Keey, 1972).  The typical method of grain drying used today consists of a grain bin with an 
approximate grain height to width ratio of 1:2, fans for adequate airflow of 1-3 cfm/bu, a heat supply to 
reach desired air drying temperatures, and a stirring mechanism to facilitate even drying by preventing 
over drying near the bottom of the bin and under drying at the top (see Fig. 1). 
 
Figure 1: Traditional Batch Grain Bin with Stirring Mechanism (Hellevang, 2013) 
In a traditional in-bin grain drying batch method, air enters the system from the bottom of the 
grain bin through a plenum.  The air is forced through the grain to exit the top of the bin using pressure 
differences between the air exiting the fan in the bottom of the bin and the air in the top portion of the 
grain that is near pressure equilibrium with atmosphere air.  When drying begins all the grain in the bin is 
nearly the same moisture content.  In a bin without a stirring mechanism, as drying progresses a drying 
front is created.  A drying front is a layer of grain that transitions from dry grain at the bottom in moisture 
equilibrium with heated air to wetter grain at the initial moisture content at the top of the bin (Fig. 2).  As 
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the grain dries, the drying front moves up through the grain.  In a bin with a drying front, the bottom grain 
will be dry long before the top of the grain.  This can lead to over drying of the grain at the bottom or 
spoilage of the grain at the top.   
 
Figure 2: Typical Grain Bin with Drying Front (Hellevang, 2013) 
To eliminate a drying front and associated over and under drying, the traditional system was 
adapted to include a stirring mechanism.  The stirring mechanism circulates the grain continuously to 
allow uniform moisture content of the grain during drying and avoid problems associated with a drying 
front.   The stirring mechanism results in 33% increase airflow and only a 1% variation in the moisture 
from the top to bottom grain (Sukup, 2010, Bern et al. 1982).  Stirring mechanisms are widely used in 
many farming operations because of their efficiency and capital cost payback.  Stirring machines have a 
conservative life of 5 years and result in higher energy use for the overall grain drying process (Loewer et 
al., 1984).  Stirrers operate continuously or by an on/off relay mechanism that responds to moisture 
content, relative humidity, and/or temperature sensors.  Disadvantages of stirring mechanisms are costly 
maintenance, mechanical breakdowns, and fine accumulation that limit drying capabilities and can 
lengthen drying duration (University of Wisconsin- Extension, 2012).  
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The aforementioned traditional process poses multiple problems that this thesis will use as 
advancement opportunities.  The drying front established in the deep bed system can cause grain at the 
top of the bin to spoil and the grain at the bottom to over dry.  Likewise, even though the grain at the 
bottom dries rather quickly in relation to the grain at the top, the air continually has to push through the 
bottom grain to reach the top levels.  This causes the fan to continually operate against a pressure drop 
even when the grain does not need the air flow since the grain is not removed once dry.  This creates a 
higher fan operating pressure that translates to a higher operating cost.  The proposed system will 
redistribute the flow of air to simulate a drying bin with three times the area and shallower depth.  This 
results in lower required pressure to provide the desired air flow rate through the same amount of grain.  
The divided air flow will create three smaller grain bins within the same footprint which will reduce the 
amount of over dry grain below the drying front and under dry grain above.  The average stirring machines 
costs $11,340.00 and routine maintenance is required (Valley View Agricultural Systems, Jonesboro, AR, 
personal communication, November 17, 2017).   The capitol cost, as well as the operating cost for 
electricity to run the stirrers is another added expense to grain drying.  Lastly, stirring machines rotate 
and agitate the grain both vertically and horizontally in the bin, which makes the use of sensing cables 
impractical.   
Sensing cables are a relative new technology that helps monitor air relative humidity and 
temperature throughout the bin.  The sensors collect data at two to four different points within the bin 
as they penetrate the grain from top to bottom.  The data is used to calculate grain moisture content using 
the Equilibrium Moisture Content curve.  This accurate and readily available data helps to cut losses to 
spoiling and/or shrinkage (Garner Industries, 2017).  Since sensing cables are placed from top to bottom 
of the bin, stirring machines and this data acquisition method cannot be used in tandem.  The wires will 
get damaged or destroyed by the constant turning and rotating of the stirring machine.  In the work of 
Atungulu et al. (2016), sensing cables were used to monitor moisture and temperature distribution in rice 
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in deep bed dryers. This system will take out the stirring mechanism and no rotating of the grain will take 
place.  The “shorter” three grain beds in the proposed system will allow for shallower deep bed drying 
and should reduce the need for a stirring mechanism. 
Objective 
This thesis will model a new proposed process for deep bed grain drying and attempt to 
experimentally validate the model to determine if the new grain drying system can realize some of the 
benefits of stirring without using a stirring device.  
The objective of this thesis is to model the proposed method and validate the model through 
experimentation.  The model will then be used to compare costs of traditional drying techniques to those 
projected by the model for the proposed technique.  This analysis can then help determine if further 
development and testing of the proposed technique is warranted. During the completion of this thesis, I 
will create a mathematical model will be created to describe the process regarding an air flow system 
curve and drying duration to select design criteria for a prototype.  The model will be created in EXCEL 
and will use the solver function to manipulate the following concepts: pressure drop through grain, 
pressure drop through pipes/plenums, and moisture content.  The prototype will be constructed to 
conduct experiments to validate and develop the model.  Testing of the prototype will yield data on how 
the system operates, and a comparison can be made between cost of the traditional system and the 
proposed system. 
Description of the Proposed System 
The proposed system is based on an idea by Osborn, disclosed to the University of Arkansas on 
8/17/2017 (Scott Osborn, personal communication, August 17, 2017). The depth of grain to be dried can 
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be “shortened” by a positive/zero perforated plenum and piping network that divides the grain depth and 
the air flow three ways. Figure 3 shows the proposed system design. 
 
Figure 3: Proposed Grain Bin Design with Positive/Zero Pressure Pipes 
 In this system, the perforated plenum and pipe network breaks the grain bin into three smaller 
drying sections.  Air flows through Plenum 1 and up equally divided through Section A and the pipe leading 
from Plenum 1 to Plenum 3.  The air stream that travels through Section A will enter Plenum 2 and exit 
out of the system through the pipe that vents air from Plenum 2.  The air flows in this manner because of 
the lower pressure (atmospheric) outside the system connected to Plenum 2.  The air stream that flow up 
through the pipe in the center from Plenum 1 to 3 will divide once again to travel down through Section 
B₁ where it will exit similarly to air from Section A, and the other fraction of air flow will travel up through 
Section B₂ and out the hatches at the top of the bin.   
Literature Review 
When grain dries in a forced air system, ambient air is heated to a desired temperature and then 
pushed through a plenum and up through the grain bin.  From a temperature profile, the bottom grain 
will experience higher temperatures and lower relative humidity while the top grain will experience lower 
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temperatures and higher relative humidity.  As the air passes through the grain, energy is transferred 
through the air to evaporate the water in the product.  Sufficient pressure to the air supply must be 
provided by the fan to counteract the energy loss of the air passing through the product and to keep the 
air moving allowing the grain to dry.  Hukil and Ives (1955) presented equation (1) to describe the pressure 
loss through an agricultural product where a, b are constants of the material (Pa s²/m³, m²s/m³ 
respectively), L is depth of the material (m), V is superficial velocity through the material which is total air 
flow rate divided by bin floor area (m/s), and Cf is a dimensionless correction factor (Henderson et al., 
1997): 
∆𝑝 = 𝑎𝐶𝑓𝐿𝑉
2/ln⁡(1 + 𝑏𝑉)               (1) 
From equation (1), the pressure resistance of a given air flow rate through the grain can be 
determined and used to create a “systems” curve based on the structural setup of the grain bed.  When 
the structural setup is changed (such as bin floor area or grain depth), the system curve changes, thus 
equation (1) can be used to compare alterations to the system to analyze fan curves and drying 
performance of alternative set ups. 
Similarly, pressure drop through a pipe is equivalent to friction loss through straight pipe, fittings, 
and entrance/exit loss.  Darcy’s equation (2) shows friction loss through a straight pipe where f is the 
dimensionless friction factor, V is velocity through the pipe (m/s), D is inside diameter of pipe (m), L is 
length of pipe (m), and g is gravitational force (m/s²).  The fittings equation (3) calculates friction loss with 
K being the friction loss factor (Henderson et al., 1997). 
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Both of these equations multiplied by ϒ, specific weight of the fluid, would yield a pressure loss.  Once in 
like terms of pressure loss (Pa), a piping system loss can be added to an agricultural drying system and 
analysis can be performed to determine total pressure loss through both pipe and grain to achieve total 
system pressure loss. 
Deep bed drying, or bulk drying, requires two primary supplies of energy: 1) energy to dry the 
grain to vaporize the moisture, and 2) energy to remove the vaporized moisture from the system 
(Henderson, et al. 1997).  This energy comes from the manipulation of psychrometric properties coupled 
with electricity and must be provided based on the requirements of the system.  A fan attached to a drying 
system supplies a steady flow rate of air, Q (m/s³).  The system is fitted with a heater with output power 
requirements based on the following ambient air conditions: dry bulb temperature, relative humidity, 
saturated vapor pressure, vapor pressure, atmospheric pressure, humidity ratio, and enthalpy.  The 
ambient air is sensibly heated to a dry bulb temperature of 38˚C, as soybeans are damaged at temperature 
exceeding 40˚C (Sadaka, 2017).  The same psychrometric properties are determine for the air after 
heating, as humidity ratio remains constant assuming the heater adds no water vapor to the air.  Equation 










The mass flow rate of dry air is determined using equation (5), and the heater size is determined using 





ℎ𝑒𝑎𝑡𝑒𝑟⁡𝑠𝑖𝑧𝑒 = ⁡𝑚𝑑𝑎̇ ∙ (ℎ𝑒𝑥𝑖𝑡𝑖𝑛𝑔⁡ℎ𝑒𝑎𝑡𝑒𝑟 − ℎ𝑎𝑚𝑏𝑖𝑒𝑛𝑡)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(6) 
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A drying rate must then be established for the given psychrometric conditions.  After exiting the 
heater, the air passing through the grain acts adiabatically, leaving the grain bed at the same enthalpy as 
it had exiting the heater and entering the grain bed.  Thus a moisture content and temperature 
relationship must be developed to relate air psychrometric conditions to grain moisture content. The 
isotherm equation (7) known as Modified Halsey equation can be used to determine the equilibrium 
moisture content of soybeans with RH being equilibrium relative humidity (decimal), T is temperature 
(˚C), MCd is moisture content dry basis (percent), and A,B,C are isotherm equation constants for soybeans 
(ASABE, 2017).  
𝑅𝐻 = 𝑒𝑥𝑝 [−
exp⁡(𝐴 + 𝐵 ∙ 𝑇)
(𝑀𝐶𝐷)
𝐶 ]⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(7) 
Equation (7) is used to determine the drying rate of soybeans by solving for the final humidity ratio of the 
air coming out of the grain bed, which is assumed to be in equilibrium with the grain at the top of the bed.  
The drying rate is displayed in equation (8). 
𝑑𝑟 = 𝑚𝑑𝑎̇ ∙ (𝐻𝑜𝑢𝑡 −𝐻𝑖𝑛)⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(8)⁡ 
 The time required to dry the soybeans from the initial to final moisture content is calculated assuming 
the drying front does not pass completely through the grain bed and the final moisture content is the 
average of all the grain in the bed once drying is stopped by dividing the total amount of water removed 
by the drying rate. 
Simulation of a grain drying operation can be achieved through mathematical modeling.  Grain 
drying equations above are compiled together to calculate drying duration based on inputs and 
manipulations of the equations above. Development of heat and moisture transfer relationships between 
air and grain are the subject of much research.  For example, research has developed a mathematical 
model that is comprised of four partial differential equations regarding mass balance, heat balance, heat 
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transfer, and drying rate for conditions where the moisture content throughout the deep grain bed at any 
location at any time are required (Sun, 1997).  The model used here is much simpler than but not as 
accurate as Sun’s, but should be able to provide comparisons between standard drying and the proposed 
system and describe the experiments conducted here. 
Methods 
Creation of the Mathematical Model 
In order to describe the operation of a proposed new grain drying system, a mathematical model was 
needed to establish design criteria and estimate system performance under certain conditions.  The model 
was constructed in Microsoft EXCEL to accomplish the following tasks: 
 create a relationship between the depth of grain in areas A, B₁, and B₂ for any size bin (see Fig. 3); 
 estimate pressure loss through the system; 
 estimate air flow rate through each section; 
 create system and fan curves to determine estimated operating points; 
 and calculate overall drying duration. 
The initial purpose of the model was to portray a system with a positive/zero pipe network that 
redistributes air flow in three directions to break the grain bed into three smaller sections.  Due to 
constraints in constructing a prototype, the model was adapted to a system of three plenums with the 
third connected to the bottom plenum through a pipe and the second vented out the top through a pipe.  
The model was created to be adjustable to any size grain bin with marked input cells to change and the 
solver function to allow any user to resize the system for replications of other bin sizes.  A list of constants 
can be found in Appendix A. 
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To create the model, a relationship between the depths of A, B₁, and B₂ was developed that responded 
to the pipe size that would bring airflow to sections B₁ and B₂.  This was accomplished by setting the 
pressure drop through the grain in A equal to the pressure drop through the pipe and top plenum plus 
the pressure drop through grain in sections B₁ and B₂.  This could be done because by modeling an equal 
pressure drop through all sections, the air will experience the same resistance through all routes.   This 
will be true because the air pressure entering the plenum from grain bed A will be the same pressure at 
air entering grain beds B₁ and B₂ minus the pipe losses.  The pressure at the exit of beds A, B₁, and B₂ are 
all very nearly atmospheric pressure, therefore the pressure loss through bed A must be equal to that 
through bed B₁ and B₂ plus pipe losses between the plenum for A, B₁, and B₂.  B₁, and B₂ have the same 
pressure loss through the grain because their depths are the same. Through the iterations in EXCEL to vary 
the length of B₁, and B₂ and how this affects flow rates, superficial velocity, velocity through a pipe, and 
friction loss, the model was able to calculate depths of A, B₁, and B₂, based on any input for pipe diameter.  
To account for the difference in the multiple plenum system rather than the pipe system, the pressure 
drop through sections B₁ and B₂ was modeled differently.  Instead of modeling a straight pipe that goes 
from wall to wall and obtaining friction loss through Darcy’s Equation, I modeled the average pressure 
drop of pipes with a “length” being the equivalence of the diameter of the selected pipe and the 
“diameter” being increments increasing from the vertical pipe diameter to two thirds of the diameter of 
the tank.  The average pressure drop of all the incremental diameters was added to the pressure drop 
through the vertical pipe and the pressure drop through layers B₁ and B₂.   
The model then needed to produce a system curve based on the calculated depths of A, B₁, and 
B₂.  The selection was based on the availability of the pipe diameter selected by the model.  Another set 
of equations were modeled to solve for the same pressure difference as above to be equal to zero, by 
holding depths of A, B₁, and B₂ constant and varying flow rates of cfm/bu.  The justification of setting the 
pressure differences equal to zero here is the same justification as above when the pressure drops were 
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set equal to each other.  This showed the flow rate that would pass through each section as well as a total 
flow rate to be used in the systems curve.  Flow rates of 1-2.5 cfm/bu, increasing by 0.5 cfm/bu were used 
as a starting point for the system curve.  Likewise, a system curve was established for a traditional system 
(no piping) with a depth equivalent to all of the grain in all three sections (A + B₁ + B₂).   A Dayton Blower 
model number 1TDN3 fan was selected that would supply the needed flow rate at the pressure 
requirements.  Operating points were selected at the intersections of the system and fan curves.   
Moisture content data was modeled with input initial and final moisture contents.  Using equation 
(9), a bulk density, ρ, was found for soybeans at each moisture content, M, on a wet basis (ASABE, 2013). 
𝜌 = 734.5 − 219𝑀 − 70𝑀2⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡⁡(9) 
Using bulk density of the initial soybeans and the known volume in sections A, B₁, and B₂ the model could 
calculate the total mass, dry mass, wet mass, and the water to be removed to achieve the final moisture 
content.   
Further calculations determined the duct sizing between the fan, heater and bottom plenum entry 
to ensure a minimal amount of friction loss.  Psychrometric calculations as discussed in the Literature 
Review were modeled in EXCEL as well.  The model also calculates expected operating costs based on the 
operating points of the fan and required power input, power required, the heater size, and an estimate 
of the cost of electricity.  See Appendix A for model set up and calculations for the small scale system. 
 Prototype Construction and Testing 
After completion of the model, a prototype was constructed based on the calculated 
specifications.  The bin was a retrofit of a stainless steel tank with dimensions 3 feet tall and 4 feet in 
diameter.   The bottom and intermediate plenums were created using expanded metal, hardware cloth, 
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window screen, and wooden blocks.  The blocks were cut to the length of the plenum depth deduced from 
the model. See Appendix B for figures and materials of prototype specifics.   
Soybeans, initially at a moisture content of 7% wet basis, were wetted to 14% wet basis to 
simulate freshly harvested grain.  Freshly harvested grain was not available for these experiments.  The 
soybeans were dried to a target moisture content of 7% wet basis using the prototype dryers.  To rewet 
the soybeans by soaking, calculations were done based on moisture content properties to determine the 
mass of water that needed to be added to achieve the desired initial moisture content.  Soybeans were 
placed in a metal container to wet in sections rather than all at once.  The water was added evenly to the 
soybeans and well mixed.  Several batches were wetted with all batches then being placed into the dryer 
after mixing.  To determine soybean moisture content, they were placed in an oven at 103˚C for three 
days, and pre and post weights were measured to determine the moisture content.  See Appendix C for 
calculations regarding testing moisture contents. 
Two experiments were conducted: one testing the traditional grain drying technique and the 
other testing the proposed system.  The traditional grain drying test consisted one plenum at the bottom 
of the bed and the same amount of grain that the proposed system would hold.  This would allow for 
accurate comparison between the systems.  The data collected was temperature and relative humidity in 
the plenum, the top of the bin, the ambient air conditions, and weights of three sample bags 
(approximately 50 g soybeans enclosed in tulle held together by a plastic tie) arranged in the dryer.  
Measuring temperature and relative humidity in the plenum allowed monitoring of the behavior of the 
heater and thermostat.  To collect the data, a VMR temperature and relative humidity probe was inserted 
into a hole in the side wall of the tank in the plenum section.  The temperature and relative humidity 
exiting of the top of the grain was assumed to be in equilibrium with the grain.  This data allowed 
calculation of the humidity ratio to compare the actual drying rate to the calculations from the model.  To 
collect the exit air condition measurements, a tarp was temporarily placed over the tank to allow the air 
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above the grain to come to an equilibrium.  Lastly, data was collected by the weight of the soybeans in 
three sample bags to predict the location of the drying front.  Measuring the weight each time allowed 
monitoring of the moisture content of the soybeans during the process.  Likewise, in the proposed system 
test all the same measurements were collected plus an additional measurement of temperature and 
relative humidity of the middle plenum at the outlet of the zero pressure pipe exiting the tank.  This 
allowed monitoring of the behavior of the system in the middle.  Weights of the soybeans sample bags 
were only collected at the beginning of the test and the end because of the inability to penetrate layers A 
and B₁ during testing to weigh sample bags because of the middle plenum. See Appendix C for data 
collection and manipulation. 
Results  
Experiment Results 
Three experiments were conducted: one traditional system and two partial proposed systems.  Only 
partial tests were able to be conducted on the proposed system because of time constraints. By 
monitoring the temperature and relative humidity of the air at various locations in the bins, the model 
inputs could be adjusted to actual conditions for comparison.  Figures 4 and 5 show the collected moisture 
content data from the traditional and proposed tests.  The samples in the traditional test in Figure 4 were 
placed evenly throughout the system, sample 1 was placed closest to the bottom.  Sample 2 was placed 
in the middle of the grain, and sample 3 was placed near the top. Figures 6 and 7 show the predicted 
versus measured moisture content relationship in both systems taken from the model and the average of 
the measured data.  Figure 8 shows a comparison of the two systems measured moisture content trend.  
See Appendix C for all recorded data. 
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Figure 4: Traditional System Measured Moisture Content Data 
 
Figure 5: Proposed System Measured Moisture Content Data 
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Figure 6: Predicted vs Measured Moisture Content for Test 1 of the Traditional System 
 
Figure 7: Predicted vs Measured Moisture Content for Test 2 of the Proposed System 
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Figure 8: Moisture Content for Both Test 2 of Proposed and Test 1 of Traditional Systems 
Model Results 
The model results focused on comparing the small scale system of a 3 foot tall bin with a 4 foot 
diameter bin to the model.  All model results can be found in Appendix A.  The model was initially run with 
assumptions of moisture contents of 14% wet basis initial, 7% wet basis final, ambient temperature 20˚C, 
and relative humidity of 28%.   See Table 1 for a summary of model results.  A system curve and fan curve 
can be seen in Figure 9.    
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Table 1: 3 ft tall, 4 ft diameter bin model results 
 
Figure 9: System and Fan curves based on model 
From the model, the traditional system has a lower predicted air flow rate and the predicted 
operating pressure is much higher than the proposed system using the same fan.  The proposed system 
required a slightly larger heater at 0.223 kW whereas the traditional system required only 0.208 kW, 
although the same heater was used for both systems requiring the 0.450 kW heater to operate at different 
duty cycles.  There was an equal pressure drop through the duct for both systems and the air flow dynamic 
remained unchanged.  The duration to dry the grain was 9 hours faster in the new proposed system as 
Traditional system Proposed system
Pipe size (in) n/a 3
Height of A (m) 0.571 0.251
Height of B (m) n/a 0.16
Plenum 1 depth (m) 0.089 0.089
Plenum 2 depth (m) n/a 0.127
Plenum 3 depth (m) n/a 0.0762
Operating flow rate (m³/s) 0.0128 0.0137
Operating pressure (Pa) 16.448 3.349
Heater Size (kW) 0.2079 0.2231
Drying Rate (kg/day) sec A. 6.05 3.02
Drying Rate (kg/day) sec B1,B2 n/a 3.89
Duration to dry (day) 5.70 5.31
Summary of Model Results
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compared to the traditional system.  Table 1 shows that the traditional system has a faster drying rate 
than the proposed system, but that is due to the proposed system being divided into three sections.  The 
amount of grain and velocity of air through each section help calculate drying rate.  Further scaling up of 
the proposed system will help show how this would vary on an industrial size grain bin.   
Discussion and Future Opportunities 
From the moisture content data collected in the two tests in the proposed system and one test in 
the traditional system, some samples showed little to no drying and a couple even showed an increase in 
moisture.  This could have been from the sample being placed higher vertically within the column of grain 
and it reabsorbed the water vapor as it was vaporized from the lower beans and tried to exit out of the 
top of that section.  This was particularly seen in section B₁ data for the proposed system.  This could have 
been because section B₁ is in the middle of the system.  Moist air exiting section A could have affected 
section B₁ as the bottom grain in section B₁ was in constant contact with moister air leaving section A. This 
potential source of error was noted, and for comparison purposes, in Figure 10, the data from both tests 
that showed continual drying was plotted.   
Both predicted slopes were higher than measured from the data.  The proposed system was 
predicted to dry faster but because of rewetting as previously discussed and sampling error, after 
averaging the data the measured proposed system showed equal slope to that of the traditional. The 
slope of the line, or drying rate, for the predicated proposed system was -0.0005 %/hr (-0.012%/day) 
whereas the measured proposed system showed -0.0003 %/hr (-0.0072%/day) which is the same as the 
measured traditional system.  During tests for the traditional system more moisture content data was 
collected over the drying duration because of accessibility to each depth layer.  Due to the larger amount 
of collected data, conclusions of how the system operates during drying can be made in the traditional 
system where as in the proposed system there is less certainty how the grain drying dynamic between the 
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initial and final collected data.  The traditional system showed a continuation in wetting after the grain 
was placed in the dryer.  This could have been from sampling error or a continuation in absorption after 
the grain was wetted and stacked in the bin because of moisture migration within the bed.  There could 
have been error in the uniformity of wetting the soybeans which were assumed to be uniform moisture 
content throughout all the grain in the bed at the start of drying.  Also the moisture content sample used 
for oven testing was a small sample from the grain bed and may not have been representative of the 
overall bed average moisture content.   
There were different starting moisture contents than the desired 14% because of not wetting the 
grain to the correct moisture content.  An initial moisture content test was conducted on a sample of 
soybeans that originated from a grain bin on the farm near the BAEG laboratory.  Those beans were 
discovered to be at 11% wet basis.  Calculations were done to quantify the amount of water needed to be 
added to these beans to get to 14% wet basis.  When a larger quantity of grain was acquired, this sample 
was collected from another source.  This location had soybeans that were 7.5% wet basis.  The difference 
in moisture content between the two lots of soybeans was not recognized until after testing began in the 
bin because of the three day oven drying duration.  Therefore the soybeans were not wetted to the 
moisture content desired when planning the experiment to simulate normal soybean drying from 19% 
wet basis to 12% wet basis.  This was adjusted for the proposed test and can be seen in the closer starting 
values.  This test was the most susceptible to error in equal wetting of all the soybeans because the 
process was altered to add more water to the soybeans.  The soybeans were wetted using more water in 
the same sized bins and with a large volume addition of water, the speed of stirring might not have been 
fast enough to match the rate of absorption since the moisture content was so low at 7% wet basis. The 
amount of soybeans used in the drying test was around 190 gallons and 5.58 gallons of water was added.  
Then the soybeans were stirred and left to soak.  Distributing the water evenly through all soybeans to 
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create a uniform distribution was difficult, and the assumption of uniform distribution is likely to skew the 
data since many assumptions in the model were made based on this assumption. 
Even though some of the data showed no drying in both the traditional and proposed tests, there 
were supporting qualitative findings.  The grain depth in the bin visibly shrunk about 2.5 inches in the 
proposed and traditional tests.  This shrinking was due to the vaporization of water from the soybeans 
and the vapor being removed from the system.  The zero pressure pipe that was the outlet for the middle 
plenum resulted in much higher relative humidity than incoming air.  This corroborates the model by 
supporting the conceptual idea that more air will move through the second plenum as air/vapor move up 
from section A and air/vapor move down from section B₁.  The air was also warmer after exiting the heater 
which showed a functioning fan and heating element. 
The operating costs for each system show another possible benefit of this system.  From the 
model data, the proposed system costs $0.0059 per bin in operating costs for the fan whereas the 
traditional system costs $0.028 per bin over the course of drying.  These values are significantly smaller 
than an actual grain drying operation due to the size of the bin, fan, and the amount of grain.  The 
proposed system had a larger heater and when heating costs are added into total operating costs, the 
proposed system costs $1.99 per bin to operate during drying and the traditional system costs $2.02 per 
bin.  All substantial savings are in the fan.   
From these tests, this model proves to be a good starting point for modeling multiple plenum 
systems and evolving to a positive/zero pressure pipe network.  Further tests are needed to accurately 
manipulate the model to better portray the prototype plenum system.  This could be achieved by 
measuring the pressures in each plenum using a manometer.  This will help support the pressure drop 
data through the grain and the pipes.  A more uniform wetting process or using field harvested grain that 
will not require rewetting will also help reduce error in sampling.   
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The scaled up data by the present model shows potential for substantially reducing drying 
duration and operating costs for farmers.   For a 20 ft tall bin with a 27 ft diameter, the drying duration 
for the proposed system is 4.4 days whereas the traditional system is 5.8 days.  Likewise, the operating 
cost for the proposed system is $1,422.00 per grain bin which is $417.00 cheaper than the traditional 
system at $1,839.00 per grain bin for a cost savings of 22.7%.  Also, if the proposed system functions as 
planned, a cost reduction of not using a stirring device could also be realized.  Further extrapolation and 
large scale testing would benefit this inquiry to show how the proposed method would benefit large scale 
agriculture.  
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Appendix A: Small Scale Model Calculations 
Constants
H (ft) 3 H (m) 0.914355 a (Pa s²/m³) 25700 g (m/s²) 9.81 k 1
D (ft) 4 D (m) 1.219141 Cf 1.25 μ (Pa s) 1.71E-05 1.5 cfm/bu
A (ft²) 12.56637 A (m²) 1.16734 b (m² s/m³) 13.2 ρ (kg/m³) 1.295
V (ft³) 37.69911 V (m³) 1.067364 ε (mm) 0.003
V (bu) 30.29014 ϒ (N/m³) 12.70395
1.5 cfm/bu
Q (cfm) 45.43521
Q (m³/s) 0.02144 *this is flow rate we need through the grain
Color Code:
enter in respected number
solve this cell for 0
by changing this cell
Constants for Small Scale Model
SYSTEM AS A PIPE
D pipe(in) D pipe(m) A pipe(m²)A (m) B (m) Q a (m³/s) v a(m³/m²s)Q b (m³/s) v b(m³/m²s)v pipe (m³/m²s)Q tot (m³/s)Re f (laminar) f (turbulent)f (moody's)Δp a (Pa) Δp (Pa) totΔp =0?
0.5 0.19635 0.190538 0.190467 0.004468 0.003827 0.008932 0.003826 0.045491 0.0134 1722.549 0.037154 n/a 0.018 1.81923 1.81923 -3.9E-08
9.843 0.25 0.049087 0.191261 0.190106 0.004485 0.003842 0.008915 0.003819 0.18162 0.0134 3438.557 n/a 0.04877 0.018 1.833235 1.833235 -3.8E-08
4 0.101595 0.008107 0.215255 0.178108 0.005047 0.004324 0.008353 0.003578 1.030355 0.0134 7927.444 n/a 0.036264 0.018 2.329142 2.329142 -8.4E-09
3.333333 0.084663 0.00563 0.235319 0.168077 0.005518 0.004727 0.007882 0.003376 1.400144 0.0134 8977.13 n/a 0.03483 0.018 2.790626 2.790627 -1.7E-07
3 0.076196 0.00456 0.251367 0.160053 0.005894 0.005049 0.007506 0.003215 1.646051 0.0134 9498.407 n/a 0.034211 0.018 3.19066 3.19066 -4.6E-08
2.5 0.063497 0.003167 0.286536 0.142468 0.006719 0.005756 0.006681 0.002862 2.109893 0.0134 10145.81 n/a 0.033513 0.018 4.164232 4.164232 -2.8E-08
2 0.050798 0.002027 0.338245 0.116613 0.007931 0.006794 0.005469 0.002342 2.698429 0.0134 10380.71 n/a 0.033291 0.018 5.84019 5.84019 1.16E-07
1.5 0.038098 0.00114 0.406304 0.082584 0.009527 0.008161 0.003873 0.001659 3.397325 0.0134 9801.997 n/a 0.033929 0.018 8.497424 8.497424 -1.4E-08
1.25 0.031748 0.000792 0.444201 0.063636 0.010416 0.008923 0.002984 0.001278 3.769662 0.0134 9063.556 n/a 0.034809 0.018 10.2033 10.2033 -3.1E-08
1 0.025399 0.000507 0.482061 0.044706 0.011303 0.009683 0.002097 0.000898 4.137951 0.0134 7959.239 n/a 0.036337 0.018 12.07157 12.07157 -5.7E-08
**PICK A DIAMETER OF PIPE FROM ABOVE THAT GIVES DESIRED GRAIN HEIGHT AND ENTER HERE>>>>>> 0.076196 m
**PUT THE CORRESPONDING HEIGHT OF SECTION A IN HERE>>>>>>>>> 0.251367 m 9.896806
**PUT THE CORRESPONDING HEIGHT OF SECTION B IN HERE>>>>>>>>> 0.160053 m 6.301597
Pipe and section depth calculations for small scale model
SYSTEM AS A PLENUM
D pipe(in) D pipe(m) A pipe(m²)A (m) B (m) Q a (m³/s) v a(m³/m²s)Q b (m³/s) v b(m³/m²s)v pipe (m³/m²s)Q tot (m³/s)Re f (laminar)f (turbulent)f (moody's)Δp a (Pa) Δp b (Pa) Δp straight (Pa)Δp elbow (Pa)Δp cross (Pa)Δp (Pa) totΔp =0?
0.5 0.19635 0.19054 0.19047 0.00447 0.00383 0.00893 0.00383 0.04549 0.0134 1722.55 0.03715 n/a 0.018 1.81923 1.81787 1.9E-05 0.00134 0.00017 1.81923 -3.9E-08
9.843 0.25 0.04909 0.19126 0.19011 0.00448 0.00384 0.00892 0.00382 0.18162 0.0134 3438.56 n/a 0.04877 0.018 1.83324 1.81089 0.00079 0.02136 0.00038 1.83324 -3.8E-08
4 0.1016 0.00811 0.21526 0.17811 0.00505 0.00432 0.00835 0.00358 1.03036 0.0134 7927.44 n/a 0.03626 0.018 2.32914 1.58711 0.0437 0.68741 0.00021 2.32914 -8.4E-09
3.33333 0.08466 0.00563 0.23532 0.16808 0.00552 0.00473 0.00788 0.00338 1.40014 0.0134 8977.13 n/a 0.03483 0.018 2.79063 1.41155 0.08777 1.26936 0.00084 2.79063 -1.7E-07
3 0.0762 0.00456 0.25137 0.16005 0.00589 0.00505 0.00751 0.00321 1.64605 0.0134 9498.41 n/a 0.03421 0.018 3.19066 1.27868 0.12607 1.75439 0.01637 3.19066 -4.6E-08
2.5 0.0635 0.00317 0.28654 0.14247 0.00672 0.00576 0.00668 0.00286 2.10989 0.0134 10145.8 n/a 0.03351 0.018 4.16423 1.01086 0.21674 2.88244 0.03118 4.16423 -2.8E-08
2 0.0508 0.00203 0.33825 0.11661 0.00793 0.00679 0.00547 0.00234 2.69843 0.0134 10380.7 n/a 0.03329 0.018 5.84019 0.675 0.36032 4.71478 5.84019 1.2E-07
1.5 0.0381 0.00114 0.4063 0.08258 0.00953 0.00816 0.00387 0.00166 3.39733 0.0134 9802 n/a 0.03393 0.018 8.49742 0.33704 0.54964 7.47333 8.49742 -1.4E-08
1.25 0.03175 0.00079 0.4442 0.06364 0.01042 0.00892 0.00298 0.00128 3.76966 0.0134 9063.56 n/a 0.03481 0.018 10.2033 0.19963 0.64197 9.2012 10.2033 -3.1E-08
1 0.0254 0.00051 0.48206 0.04471 0.0113 0.00968 0.0021 0.0009 4.13795 0.0134 7959.24 n/a 0.03634 0.018 12.0716 0.09828 0.70911 11.0869 12.0716 -5.7E-08
**PICK A DIAMETER OF PIPE FROM ABOVE THAT GIVES DESIRED GRAIN HEIGHT AND ENTER HERE>>>>>> 0.0762 m
**PUT THE CORRESPONDING HEIGHT OF SECTION A IN HERE>>>>>>>>> 0.25137 m
**PUT THE CORRESPONDING HEIGHT OF SECTION B IN HERE>>>>>>>>> 0.16005 m
Iterations for cross pipe friction loss/pressure drop
*CROSS PIPE *CROSS PIPE
D (m) 0.5 0.54468 0.58936 0.63404 0.67872 0.7234 0.76808 0.81276 D (m) 0.1016 0.20319 0.30479 0.40638 0.50798 0.60957 0.71117 0.81276 *CROSS PIPE
L (m) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 L (m) 0.1016 0.1016 0.1016 0.1016 0.1016 0.1016 0.1016 0.1016 D (m) 0.0762 0.18142 0.28664 0.39187 0.49709 0.60231 0.70754 0.81276
Q (m³/s) 0.00893 0.00893 0.00893 0.00893 0.00893 0.00893 0.00893 0.00893 Q (m³/s) 0.00835 0.00835 0.00835 0.00835 0.00835 0.00835 0.00835 0.00835 L (m) 0.0762 0.0762 0.0762 0.0762 0.0762 0.0762 0.0762 0.0762
v (m³/m²s) 0.01137 0.01044 0.00965 0.00897 0.00838 0.00786 0.0074 0.007 v (m³/m²s) 0.25759 0.12879 0.08586 0.0644 0.05152 0.04293 0.0368 0.0322 Q (m³/s) 0.00751 0.00751 0.00751 0.00751 0.00751 0.00751 0.00751 0.00751
g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 v (m³/m²s) 0.41151 0.17284 0.10939 0.08002 0.06308 0.05206 0.04432 0.03858
μ (Pa s) 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 μ (Pa s) 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81
ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 μ (Pa s) 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05
ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295
Re 430.637 430.637 430.637 430.637 430.637 430.637 430.637 430.637 Re 1981.86 1981.86 1981.86 1981.86 1981.86 1981.86 1981.86 1981.86 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
f 0.14862 0.14862 0.14862 0.14862 0.14862 0.14862 0.14862 0.14862 f 0.03229 0.03229 0.03229 0.03229 0.03229 0.03229 0.03229 0.03229 Re 2374.6 2374.6 2374.6 2374.6 2374.6 2374.6 2374.6 2374.6
Re is > 2130 Re is > 2130 f 0 0 0 0 0 0 0 0
f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 Re is > 2130
f colebrooks0.13034 0.13034 0.13034 0.13034 0.13034 0.13034 0.13034 0.13034 f colebrooks0.05963 0.05962 0.05962 0.05962 0.05961 0.05961 0.05961 0.05961 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
F (m) (straight pipe)9.8E-07 7.6E-07 6E-07 4.8E-07 3.9E-07 3.2E-07 2.7E-07 2.3E-07 F (m) (straight pipe)0.00011 1.4E-05 4E-06 1.7E-06 8.7E-07 5.1E-07 3.2E-07 2.1E-07 f colebrooks0.05532 0.0553 0.0553 0.0553 0.05529 0.05529 0.05529 0.05529
ϒ (N/m³) 12.704 12.704 12.704 12.704 12.704 12.704 12.704 12.704 ϒ (N/m³) 12.704 12.704 12.704 12.704 12.704 12.704 12.704 12.704 F (m) (straight pipe)0.00048 3.5E-05 9E-06 3.5E-06 1.7E-06 9.7E-07 6E-07 3.9E-07
Δp (Pa) 1.2E-05 9.6E-06 7.6E-06 6.1E-06 5E-06 4.1E-06 3.4E-06 2.9E-06 avg 0.00017 Δp (Pa) 0.00139 0.00017 5.1E-05 2.2E-05 1.1E-05 6.4E-06 4E-06 2.7E-06 avg 0.00021 ϒ (N/m³) 12.704 12.704 12.704 12.704 12.704 12.704 12.704 12.704
Δp (Pa) 0.00607 0.00045 0.00011 4.5E-05 2.2E-05 1.2E-05 7.6E-06 5E-06 avg 0.01637
*CROSS PIPE *CROSS PIPE
D (m) 0.25 0.33039 0.41079 0.49118 0.57158 0.65197 0.73237 0.81276 D (m) 0.08466 0.18868 0.29269 0.3967 0.50072 0.60473 0.70875 0.81276 *CROSS PIPE
L (m) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 L (m) 0.08466 0.08466 0.08466 0.08466 0.08466 0.08466 0.08466 0.08466 D (m) 0.0635 0.17053 0.27757 0.38461 0.49165 0.59869 0.70572 0.81276
Q (m³/s) 0.00892 0.00892 0.00892 0.00892 0.00892 0.00892 0.00892 0.00892 Q (m³/s) 0.00788 0.00788 0.00788 0.00788 0.00788 0.00788 0.00788 0.00788 L (m) 0.0635 0.0635 0.0635 0.0635 0.0635 0.0635 0.0635 0.0635
v (m³/m²s) 0.0454 0.03436 0.02763 0.02311 0.01986 0.01741 0.0155 0.01397 v (m³/m²s) 0.35004 0.15707 0.10125 0.0747 0.05918 0.04901 0.04181 0.03646 Q (m³/s) 0.00668 0.00668 0.00668 0.00668 0.00668 0.00668 0.00668 0.00668
g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 v (m³/m²s) 0.52747 0.1964 0.12066 0.08708 0.06812 0.05594 0.04746 0.04121
μ (Pa s) 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 μ (Pa s) 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81
ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 μ (Pa s) 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05 1.7E-05
ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295
Re 859.639 859.639 859.639 859.639 859.639 859.639 859.639 859.639 Re 2244.28 2244.28 2244.28 2244.28 2244.28 2244.28 2244.28 2244.28 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
f 0.07445 0.07445 0.07445 0.07445 0.07445 0.07445 0.07445 0.07445 f 0 0 0 0 0 0 0 0 Re 2536.45 2536.45 2536.45 2536.45 2536.45 2536.45 2536.45 2536.45
Re is > 2130 Re is > 2130 f 0 0 0 0 0 0 0 0
f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 Re is > 2130
f colebrooks0.08804 0.08804 0.08804 0.08804 0.08804 0.08804 0.08804 0.08804 f colebrooks0.05661 0.0566 0.05659 0.05659 0.05659 0.05659 0.05659 0.05659 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
F (m) (straight pipe)7.8E-06 3.4E-06 1.8E-06 1E-06 6.5E-07 4.4E-07 3.1E-07 2.3E-07 F (m) (straight pipe)0.00035 3.2E-05 8.6E-06 3.4E-06 1.7E-06 9.7E-07 6E-07 4E-07 f colebrooks0.05387 0.05384 0.05384 0.05384 0.05383 0.05383 0.05383 0.05383
ϒ (N/m³) 12.704 12.704 12.704 12.704 12.704 12.704 12.704 12.704 ϒ (N/m³) 12.704 12.704 12.704 12.704 12.704 12.704 12.704 12.704 F (m) (straight pipe)0.00076 3.9E-05 9.1E-06 3.4E-06 1.6E-06 9.1E-07 5.6E-07 3.6E-07
Δp (Pa) 9.9E-05 4.3E-05 2.2E-05 1.3E-05 8.3E-06 5.6E-06 4E-06 2.9E-06 avg 0.00038 Δp (Pa) 0.00449 0.00041 0.00011 4.4E-05 2.2E-05 1.2E-05 7.7E-06 5.1E-06 avg 0.00084 ϒ (N/m³) 12.704 12.704 12.704 12.704 12.704 12.704 12.704 12.704
Δp (Pa) 0.0097 0.0005 0.00012 4.4E-05 2.1E-05 1.2E-05 7.1E-06 4.6E-06 avg 0.03118
Plenum and section depth calculations for small scale model
SYSTEM CURVE DATA
Pipe Diameter (m) Pipe Area (m²) A (m) B (m) Q a(cfm/bu) Q b(cfm/bu) Q a (m³/s) v a(m³/m²s)Q b (m³/s) v b(m³/m²s)v pipe (m³/m²s)Q tot (m³/s)Re f (laminar) f (turbulent)f (moody's)Δp a (Pa) Δp (Pa) pipe totΔp =0?
PIPING 0.076196282 0.004559922 0.25137 0.16005 0.81583866 1.00408469 0.00321 0.00275 0.00502 0.00215 1.10185 0.00823 6358.14 n/a 0.03586 0.03 1.71026 1.71026 3E-08
0.076196282 0.004559922 0.25137 0.16005 1.45367468 1.47330865 0.00571 0.00489 0.00737 0.00316 1.61676 0.01308 9329.39 n/a 0.03176 0.03 3.0891 3.0891 3.3E-11
0.076196282 0.004559922 0.25137 0.16005 2.03240803 1.82725878 0.00799 0.00684 0.00914 0.00392 2.00517 0.01713 11570.7 n/a 0.02976 0.03 4.37143 4.37143 1.8E-08
0.076196282 0.004559922 0.25137 0.16005 2.61263399 2.14207341 0.01027 0.00879 0.01072 0.00459 2.35064 0.02098 13564.2 n/a 0.0284 0.03 5.68655 5.68655 1.3E-07
NO PIPING 0 0 0.57147 0 1 0 0.00893 0.00765 0 0 #DIV/0! 0.00893 #DIV/0! #DIV/0! #DIV/0! 0.03 11.1723 #DIV/0!
0 0 0.57147 0 1.5 0 0.0134 0.01148 0 0 #DIV/0! 0.0134 #DIV/0! #DIV/0! #DIV/0! 0.03 17.1461 #DIV/0!
0 0 0.57147 0 2 0 0.01787 0.01531 0 0 #DIV/0! 0.01787 #DIV/0! #DIV/0! #DIV/0! 0.03 23.3711 #DIV/0!
0 0 0.57147 0 2.5 0 0.02233 0.01913 0 0 #DIV/0! 0.02233 #DIV/0! #DIV/0! #DIV/0! 0.03 29.8422 #DIV/0!
PLENUM 0.076196282 0.004559922 0.25137 0.16005 0.9194966 1.09038689 0.00361 0.0031 0.00546 0.00234 1.19656 0.00907 6904.63 n/a 0.04135 0.011 1.93187 1.93187 -2.3E-08
0.076196282 0.004559922 0.25137 0.16005 1.51065948 1.51315819 0.00594 0.00509 0.00757 0.00324 1.66049 0.01351 9581.73 n/a 0.03696 0.011 3.21406 3.21406 5.3E-13
0.076196282 0.004559922 0.25137 0.16005 1.92534651 1.76858288 0.00757 0.00648 0.00885 0.00379 1.94079 0.01642 11199.1 n/a 0.03512 0.011 4.13198 4.13198 -8.8E-09
0.076196282 0.004559922 0.25137 0.16005 2.68929163 2.18570218 0.01057 0.00905 0.01094 0.00468 2.39852 0.0215 13840.5 n/a 0.03283 0.011 5.86249 5.86249 -1.5E-07
NO PLENUM 0 0 0.57147 0 1 0 0.00893 0.00765 0 0 0 0.00893 0 #DIV/0! n/a 11.1723
0 0 0.57147 0 1.5 0 0.0134 0.01148 0 0 0 0.0134 0 #DIV/0! n/a 17.1461
0 0 0.57147 0 2 0 0.01787 0.01531 0 0 0 0.01787 0 #DIV/0! n/a 23.3711
0 0 0.57147 0 2.5 0 0.02233 0.01913 0 0 0 0.02233 0 #DIV/0! n/a 29.8422
FAN CURVES
Fan Data (Dayton Blowers)
Q (ft³/min) Q (m³/min) Q (m³/s) W (in water)W (m water) ϒ (N/m³) Pressure (Pa)
1TDN2 12 0.339752417 0.00566 0 0 9790.38 0
9 0.254814313 0.00425 0.1 0.00253988 9790.38 24.8664
6 0.169876208 0.00283 0.2 0.00507975 9790.38 49.7327
1TDN3 30 0.849381042 0.01416 0 0 9790.38 0
25 0.707817535 0.0118 0.1 0.00253988 9790.38 24.8664
21 0.59456673 0.00991 0.2 0.00507975 9790.38 49.7327
16.5 0.467159573 0.00779 0.3 0.00761963 9790.38 74.5991
3 0.084938104 0.00142 0.4 0.0101595 9790.38 99.4654
1TDN1 13 0.368065118 0.00613 0 0 9790.38 0
9.3 0.263308123 0.00439 0.1 0.00253988 9790.38 24.8664
OPERATING POINTS
Q (m³/s) System (Pa) Fan (Pa) S=F?
W/ Pipes 0.013744359 3.367617477 3.36762 -6.5E-08
W/O Pipes 0.012809586 16.44839616 16.4484 -2.6E-08
W/ Plenum 0.013745655 3.348824491 3.34882 -6.3E-08
W/O Plenum 0.012809586 16.44839616 16.4484 -2.6E-08
System and fan curve data for small scale model
HEATER SIZING
Psychometric Properties heater size = mda(h2-h1)
Tdb1 (˚C) 20 Tdb2 (˚C) 33.98 mda=Q/v
RH1 0.4426 RH2 28.434 W/ Pipes W/O Pipes W/ PlenumW/O Plenum
Psat (Pa) 2339 Psat (Pa) 5351.6 Q (m^3/s) 0.013744 0.01281 0.013746 0.01280959
Pv (Pa) 1035.241 Pv (Pa) 1057.861 v (m^3/kg) 0.878263 0.878263 0.878263 0.87826281
Patm (Pa) 96830 Patm (Pa) 96830 mda (kg/s) 0.015649 0.014585 0.015651 0.01458514
H1 (kg/kg) 0.006733 H2 (kg/kg) 0.006733
h1 (kJ/kg) 37.24592 h2 (kJ/kg) 51.50034 heater size (kW)0.223074 0.207903 0.223095 0.20790273
DUCT SIZING
*keep velocity under 1200 ft/min
Qmax 5 m^3air/min/m^3product ε (mm) 0.009 **assume metal galvanized duct
Vmax (m/s) 6
* go next size up?
Q (m³/s) A (m²) D (m) D (mm) D (mm) D (m) A (m²) v (m/s) L (m) Re f (laminar) f (turbulent)f (moody's)Fsp (m air) Fent (m) P (Pa)
W/ Pipes 0.013744 0.002291 0.054006 54.00596 150 0.15 0.017671 0.777772 0.58 8835.212 n/a 0.032329 0.03 0.003854 0 0.048963
W/O Pipes 0.01281 0.002135 0.052137 52.13711 150 0.15 0.017671 0.724874 0.58 8234.318 n/a 0.033045 0.03 0.003422 0 0.043472
W/ Plenum 0.013746 0.002291 0.054009 54.0085 150 0.15 0.017671 0.777845 0.58 8836.046 n/a 0.032328 0.03 0.003855 0 0.048971
W/O Plenum 0.01281 0.002135 0.052137 52.13711 150 0.15 0.017671 0.724874 0.58 8234.318 n/a 0.033045 0.03 0.003422 0 0.043472
Heater and duct sizing for small scale model
MOISTURE CONTENT DATA
0.143507168 wb 0.07 wb
0.177169343 db 0.08641975 db
ρbulk=734.5-219M+70M²
*where M is moisture content db, initial
ρbulk (kg/m³) 697.8971422
mass a (kg) m w a (kg) m d a (kg) mass b (kg)m w b (kg) m d b (kg) m w a (kg) m w b (kg) wtr rmv a (kg) wtr rmv b (kg)
W/ Pipes 204.7841733 29.3879967 175.3961766 260.7846 37.42446264 223.3601602 13.20186 16.81205507 16.18613398 20.6124076
W/O Pipes 465.5687962 66.8124594 398.7563368 0 0 0 30.01392 0 36.79854154 0
W/ Plenum 204.7841733 29.3879967 175.3961766 260.7846 37.42446264 223.3601602 13.20186 16.81205507 16.18613398 20.6124076




Hout (kg/kg) 0.011857935 *try new temperature
hout (kJ/kg) 51.50034138 ERH (guess) 0.82
ERH (guess) 0.94 T psych C 20
T psych C 23.4 RH 0.741011
A 2.87 ERH (guess) 0.7
B -0.0054 T psych C 21.6
C 1.38 RH 0.742924
MCd 17.7169343 ERH (guess) 0.74
RH 0.745062425 T psych C 21.2
ERH ≠ RH RH 0.742447
SYSTEM AS PIPES WITHOUT PIPES SYSTEM AS PLENUM WITHOUT PLENUMS
Q (m^3/s) 0.013744359 Q (m^3/s) 0.012809586 Q (m^3/s) 0.013745655 Q (m^3/s) 0.012809586
Q (ft^3/min) 29.12691035 Q (ft^3/min) 27.14594939 Q (ft^3/min) 29.1296573 Q (ft^3/min) 27.14594939
V (m^3) 0.667102311 V (m^3) 0.667102311 V (m^3) 0.667102311 V (m^3) 0.667102311
V (ft^3) 23.5619449 V (ft^3) 23.5619449 V (ft^3) 23.5619449 V (ft^3) 23.5619449
V (bu) 18.93133931 V (bu) 18.93133931 V (bu) 18.93133931 V (bu) 18.93133931
Q (cfm/bu) 1.53855519 Q (cfm/bu) 1.43391595 Q (cfm/bu) 1.538700291 Q (cfm/bu) 1.43391595
v (m^3/kg) 0.878262805 v (m^3/kg) 0.878262805 v (m^3/kg) 0.878262805 v (m^3/kg) 0.878262805
Q a (m^3/s) 0.006045566 Q b (m^3/s) 0.007698792 Q a (m^3/s) 0.012809586 Q a (m^3/s) 0.006045566 Q b (m^3/s) 0.007698792 Q a (m^3/s) 0.012809586
mda a (kg/s) 0.006883551 mda b (kg/s) 0.008765932 mda a (kg/s) 0.01458514 mda a (kg/s) 0.006883551 mda b (kg/s) 0.008765932 mda a (kg/s) 0.01458514
dr a (kg/s) 3.5276E-05 dr b (kg/s) 4.49226E-05 dr a (kg/s) 7.47442E-05 dr a (kg/s) 3.5276E-05 dr b (kg/s) 4.49226E-05 dr a (kg/s) 7.47442E-05
time a (s) 458842.4031 time b (s) 458842.4031 time a (s) 492326.179 time a (s) 458842.4031 time b (s) 458842.4031 time a (s) 492326.179
time a (min) 7647.373385 time a (min) 7647.373385 time a (min) 8205.436317 time a (min) 7647.373385 time a (min) 7647.373385 time a (min) 8205.436317
time a (hr) 127.4562231 time a (hr) 127.4562231 time a (hr) 136.757272 time a (hr) 127.4562231 time a (hr) 127.4562231 time a (hr) 136.757272
time a (day) 5.310675962 time a (day) 5.310675962 time a (day) 5.698219665 time a (day) 5.310675962 time a (day) 5.310675962 time a (day) 5.698219665
OPERATING COSTS
SYSTEM A PIPES WITHOUT PIPES SYSTEM AS PLENUM WITHOUT PLENUM
Power Delivered (W) 0.046285743 0.210697145 0.046031786 0.210697
Power Consumed (W) 0.462857431 2.106971451 0.460317864 2.106971
Power Consumed by heater (kW)0.223074319 0.20790273 0.223095357 0.207903
Time (hr) 127.4562231 136.757272 127.4562231 136.7573
Duty cycle for heater 0.7 0.7 0.7 0.7 *assumption
Cost of Electricity ($/kWh) 0.1 0.1 0.1 0.1
Operating Costs fan 0.005899406 0.028814367 0.005867038 0.028814
Operating Costs heater 1.990254712 1.990254712 1.990442413 1.990255
Operating Costs total 1.996154118 2.019069079 1.99630945 2.019069
INITIAL FINAL
INITIAL FINAL














Appendix B: Prototype Pictures and Materials 
Pictures of Prototype In Bin Grain Dryer 
 




Figure 2: View from on top of the intermediate plenum 
 
Figure 3: View from on top of the top plenum 
 
Figure 4: Fan and heating element attachment for the system 
 
Figure 5: Side view of the completed proposed system full of soybeans 
 
 
Figure 6: Top view of the complete proposed system full of soybeans 
  
Prototype materials list 
 
Figure 1: Expanded metal used for plenums 
 
Figure 2: Hardware cloth used for plenums 
 














Appendix C: Initial Moisture Content Data and Experimental Data/Analysis 
MOISTURE CONTENT
initial final Pan Weight (g) Full Weight (g) Wet Weight (g) Full Weight Dry (g) Dry Weight (g) Water removed (g)
0.119960789 wb 0.19 wb Pan 1 37.5 67.8 30.3 64.5 27 3.3
0.14809974 db 0.234568 db Pan 2 37.4 69.4 32 66.01 28.61 3.39
Pan 3 36.8 65.9 29.1 62.8 26 3.1
Amount of Grain Needed Average 30.46666667 27.20333333 3.263333
Area of bin (m^2) 1.16734
Height (m) 0.571472
Volume (m^3) 0.667102
Density at 19% (kg/m^3) 695.417
Mass needed (kg) 463.9143
Mass water (kg) 88.14371
Mass dry (kg) 375.7706
*this will be the mass of dry at 12%, find the amount of water needed to be added
Density at 12% (kg/m^3) 709.2359
Mass tot 12% (kg) 426.993
Volume 12% (m^3) 0.602046
*this is the volume of soybeans I need to conduct one test, want to run two trials
Volume needed (m^3) 1.204093
Water trough (gal) 100
Water trough (ft^3) 12.75348
Water trough (m^3) 0.361085  
*don’t fill trough up the whole way
Water trough (m^3) 0.3
# water troughs total 4.013643
Water added (kg) 36.9213
Density of water (kg/m^3) 1000
Vol water (m^3) 0.036921
Vol water (L) 36.9213
Vol water (gal) 9.754636 4.877318 per run
DATA COLLECTED
Initial grain moisture content data and calculations
Standard Plenum: Test 1
Time (hr) T Plenum (˚C) RH Plenum (%) T top (˚C) RH top(%) Tin # Tin weight (g) Wet Weight total (g) Dry Weight total (g) Water Removed (g) MC db (%) MC wb (%) Time (hr) Total weight (g) Dry Weight (g) Wet Weight (g) MC wb (%)
0 1 37.5 71.02 63.69 7.33 12% 10%
17 27 27.34 19.76 70.44 2 37.37 68.96 62.9 6.06 10% 9% 0 217.3 196.0093683 21.29063171 10%
27 31.73 18.14 20.35 71.17 3 36.86 71.66 64.29 7.37 11% 10% 17 219.4 196.0093683 23.39063171 11%
47 30.04 17.33 20.21 67.77 Average 11% 10% 27 218.6 196.0093683 22.59063171 10%
65 31.85 15.75 19.44 69.3 47 211.3 196.0093683 15.29063171 7%
Average 30.155 19.64 19.94 69.67 65 211.1 196.0093683 15.09063171 7%
0 201.1 181.3966128 19.70338719 10%
17 204 181.3966128 22.60338719 11%
27 203.9 181.3966128 22.50338719 11%
47 199 181.3966128 17.60338719 9%
65 196.4 181.3966128 15.00338719 8%
0 219.8 198.2644232 21.53557685 10%
17 224 198.2644232 25.73557685 11%
27 225.8 198.2644232 27.53557685 12%
47 224.6 198.2644232 26.33557685 12%






Multi Plenum: Test 1
Time (hr) T Bottom Plenum (RH Bottom Plenum (%)T top (˚C) RH top (%) T middle plenum (RH iddle plenum (%)T ambient (˚C)RH ambient (%) Tin # Tin weight (g) Wet Weight total (g) Dry Weight total (g) Water Removed (g) MC db (%) MC wb (%) Section Tin # Tin weight (g) Wet Weight total(g)Dry Weight total (g)W ter Removed (g)MC b (%) MC wb (%)
72 36.86 18.39 21.75 74.53 22.14 68.02 20 51.5 1 22.97 49.85 45.31 4.54 10% 9% B2 4 23.14 77.22 68.61 8.61 0.125492 0.1115
88 35.75 21.5 21.9 48.5 21.8 61.8 21.5 44.7 2 23.16 51.78 46.49 5.29 11% 10% B2 5 22.91 71.25 64.58 6.67 0.103283 0.093614
Average 36.305 19.945 21.825 61.515 21.97 64.91 20.75 48.1 3 22.9 51.75 46.01 5.74 12% 11% B2 6 23 78.54 69.53 9.01 0.129584 0.114719
Average 11% 10% B1 7 23 78.71 70.12 8.59 0.122504 0.109135
B1 8 23.26 90.05 76.18 13.87 0.182069 0.154026
B1 9 23.02 70.15 62.35 7.8 0.1251 0.11119
Tin # Tin weight (g) Wet Weight total (g) Dry Weight total (g) Water Removed (g) MC db (%) MC wb (%) A 10 23.21 82.46 75.62 6.84 0.090452 0.082949
1 22.9 64.25 59.5 4.75 0.0798319 0.073929961 A 11 23.25 68.31 62.83 5.48 0.087219 0.080223
2 23.16 62.11 57.43 4.68 0.0814905 0.075350185 A 12 22.99 84.92 76.75 8.17 0.10645 0.096208
3 22.9 60.99 56.45 4.54 0.0804252 0.074438433
Average 0.0805825 0.07457286
Multi Plenum: Test 2
Time (hr) T Bottom Plenum (RH Bottom Plenum (%)T top (˚C) RH top (%) T middle plenum (RH iddle plenum (%)T ambient (˚C)RH ambient (%)
0 Tin # Section Tin weight (g) Wet Weight total(g) Dry Weight total (g) Water Removed (g)MC wb (%) Time (hr) Total weight (g) Dry Weight (g) Wet Weight (g)MC wb (%) Time (hr) Total weight (g)Dry Weight (g)Wet Weight (g)MC wb (%)
12 35.1 29.4 21.75 74.53 22.14 68.02 20.5 51 13 A 23.09 77.72 64.81 12.91 0.16610911
24 34.1 33 21.6 49.1 22.3 84.5 20.5 36 14 A 23.19 71.05 60.63 10.42 0.146657284 0 176.3 148.7296424 27.570358 0.156383 0 137.4 115.9129 21.48705 16%
36 29.5 21.67 18.5 48.6 18.9 79.17 15.4 34.8 Average 0.156383197 68 182.2 148.7296424 33.470358 0.183701 68 122.1 115.9129 6.187051 5%
44 34.5 19.3 21.7 57.5 19.2 73.2 21.5 34.7 15 B1 23.12 77.09 64.86 12.23 0.158645739
68 36.7 38.8 23.3 67.8 23.8 79.32 22.1 64.8 16 B1 22.91 61.25 51.87 9.38 0.153142857
Average 33.98 28.434 21.37 59.506 21.268 76.842 20 44.26 Average 0.155894298 0 128.1 108.1299404 19.97006 0.155894 0 166 140.1215 25.87845 0.155894
17 B2 23.35 86.8 76.42 10.38 0.119585253 68 128 108.1299404 19.87006 0.155235 68 167.1 140.1215 26.97845 0.161451
18 B2 23.11 72.71 64.21 8.5 0.116902764
Average 0.118244009 Average of all sections
0 188.5 166.2110043 22.288996 12% 0 15%
Average 0.143507168 68 180 166.2110043 13.788996 8% 68 13%
Heater Operation Fan Operation
















Voltage (V) Amps (A) Power Consumed (W)
Electricity cost 
($/kWh)
Hours running (hr) 
*assume runs 
continuously
Cost for operation 
($)
133.3 2.967 395.5011 223.074319 0.56402958 0.1 106.3097 2.37149662 133.3 0.54 71.982 0.1 106.3097103 0.765238557
Bag 2






Final Moisture Content after dried





Temperature Data Initial Moisture Content Data after wetted



















Appendix D: Large Bin Model Calculations 
Constants enter in respected number
H (ft) 20 H (m) 6.09570253 a (Pa s²/m³) 25700 g (m/s²) 9.81 k 1 Plenum Depths solve this cell for 0
D (ft) 27 D (m) 8.229198415 Cf 1.25 μ (Pa s) 0.0000171 1.5 cfm/bu 1st (ft) 1 1st (m) 0.304785126 by changing this cell
A (ft²) 572.55526 A (m²) 53.18693315 b (m² s/m³) 13.2 ρ (kg/m³) 1.295 2nd (ft) 1.410125 2nd (m) 0.429785126
V (ft³) 11451.105 V (m³) 324.211723 ε (mm) 0.003 3rd (ft) 0.82025 3rd (m) 0.25
V (bu) 9200.6309 ϒ (N/m³) 12.70395 4th (ft) 1 4th (m) 0.304785126
1.5 cfm/bu 1.289355379
Q (cfm) 13800.946
Q (m³/s) 6.5123679 *this is flow rate we need through the grain
SYSTEM AS A PIPE
D pipe(in) D pipe(m) A pipe(m²) A (m) B (m) Q a (m³/s) v a(m³/m²s) Q b (m³/s) v b(m³/m²s) v pipe (m³/m²s)Q tot (m³/s) Re f (laminar) f (turbulent) f (moody's)Δp a (Pa) Δp (Pa) tot Δp =0?
0.5 0.19634954 1.905162395 1.4505924 2.03538777 0.0382686 3.099492 0.029137723 15.7855841 5.13487997 597729 n/a 0.012442101 0.018 219.2067 290.2038 -70.99708006
9.843 0.25 0.04908739 3.224658034 0.7908446 3.44507615 0.064773 1.689804 0.015885517 34.4244007 5.13487997 651748.5 n/a 0.012370115 0.018 703.4057 838.5241 -135.1184311
4 0.101595 0.00810653 4.429014363 0.1886664 4.731755 0.0889646 0.403125 0.003789699 49.7284352 5.13487997 382605.3 n/a 0.013873105 0.018 1449.837 1654.562 -204.7248781
3.333333333 0.0846625 0.00562953 4.536769718 0.1347887 4.84687586 0.0911291 0.288004 0.002707471 51.1594979 5.13487997 328013.1 n/a 0.014332659 0.018 1532.497 1743.94 -211.4432608
3 0.0761963 0.00455992 4.585196627 0.1105753 4.89861294 0.0921018 0.236267 0.0022211 51.8138298 5.13487997 298987.6 n/a 0.014618518 0.018 1570.54 1785.029 -214.4883406
2.5 0.0634969 0.00316661 4.650121286 0.0781129 4.96797545 0.0934059 0.166905 0.001569037 52.707589 5.13487997 253454.1 n/a 0.015147434 0.018 1622.422 1841.014 -218.5916794
2 0.0507975 0.00202663 4.704887837 0.0507297 5.02648552 0.094506 0.108394 0.001018995 53.4850194 5.13487997 205754 n/a 0.015853478 0.018 1666.973 1889.053 -222.0797846
1.5 0.0380981 0.00113998 4.748582882 0.0288821 5.07316729 0.0953837 0.061713 0.000580149 54.1348566 5.13487997 156190.4 n/a 0.016861078 0.018 1703.037 1927.912 -224.8750866
1.25 0.0317485 0.00079165 4.766029851 0.0201586 5.09180683 0.0957342 0.043073 0.000404922 54.4091118 5.13487997 130818.1 n/a 0.017559161 0.018 1717.566 1943.561 -225.9948521
1 0.0253988 0.00050666 4.780430569 0.0129583 5.10719189 0.0960234 0.027688 0.00026029 54.6484626 5.13487997 105114.9 n/a 0.018480832 0.018 1729.615 1956.528 -226.9137748
**PICK A DIAMETER OF PIPE FROM ABOVE THAT GIVES DESIRED GRAIN HEIGHT AND ENTER HERE>>>>>> 0.25 m
**PUT THE CORRESPONDING HEIGHT OF SECTION A IN HERE>>>>>>>>> 3.224658 m
**PUT THE CORRESPONDING HEIGHT OF SECTION B IN HERE>>>>>>>>> 0.790845 m
With Piping D pipe(m) A pipe(m²) A (m) B (m) Q (cfm/bu) Q (cfm/bu) Q a (m³/s) v a(m³/m²s) Q b (m³/s) v b(m³/m²s) v pipe (m³/m²s)Q tot (m³/s) Re f (laminar) f (turbulent)f (moody's)Δp a (Pa) Δp (Pa) pipe tot
0.25 0.04908739 3.224658034 0.7908446 0.83573004 0.9532852 1.919436 0.036088483 1.07390993 0.01009562 21.87751 2.9933457 414201.4624 n/a 0.012811 0.03 346.3074472 346.3074 1.24192E-05
0.25 0.04908739 3.224658034 0.7908446 1.50575673 1.3757501 3.458298 0.065021567 1.54983188 0.01456967 31.57292 5.0081296 597762.0752 n/a 0.012018 0.03 706.7934454 706.7934 3.73579E-05
0.25 0.04908739 3.224658034 0.7908446 2.10116894 1.71103 4.825791 0.090732649 1.92753674 0.0181204 39.26746 6.7533281 743440.8708 n/a 0.011595 0.03 1083.077653 1083.078 7.15202E-05
0.25 0.04908739 3.224658034 0.7908446 2.68548285 2.019938 6.167795 0.115964484 2.27553263 0.02139184 46.35677 8.4433279 877661.0697 n/a 0.011297 0.03 1500.34463 1500.345 0.0001129
No Piping 0 0 4.80634715 0 1 0 3.423253 0.064362675 0 0 #DIV/0! 3.4232533 #DIV/0! #DIV/0! #DIV/0! 0.03 1040.106442 #DIV/0!
0 0 4.80634715 0 1.5 0 5.13488 0.096544013 0 0 #DIV/0! 5.13488 #DIV/0! #DIV/0! #DIV/0! 0.03 1751.424806 #DIV/0!
0 0 4.80634715 0 2 0 6.846507 0.128725351 0 0 #DIV/0! 6.8465066 #DIV/0! #DIV/0! #DIV/0! 0.03 2576.681829 #DIV/0!
0 0 4.80634715 0 2.5 0 8.558133 0.160906689 0 0 #DIV/0! 8.5581333 #DIV/0! #DIV/0! #DIV/0! 0.03 3509.482317 #DIV/0!
Constants, pipe, and section depth calculations for large bin model
SYSTEM AS A PLENUM
D pipe(in) D pipe(m) A pipe(m²) A (m) B (m) Q a (m³/s) v a(m³/m²s) Q b (m³/s) v b(m³/m²s) v pipe (m³/m²s) Q tot (m³/s)Re f (laminar) f (turbulent) f (moody's)Δp a (Pa) Δp b (Pa) Δp straight (Pa)Δp elbow (Pa)Δp cross (Pa) Δp (Pa) tot Δp =0?
0.5 0.196349541 1.905162395 1.450592378 2.035387774 0.038268568 3.099492199 0.029137723 15.78558415 5.13488 597729 n/a 0.012442101 0.018 219.2067 121.5766 5.824118281 161.3471 0.000165252 290.2038 -70.99708006
9.843 0.25 0.049087385 3.224658034 0.790844558 3.445076155 0.06477298 1.689803819 0.015885517 34.42440072 5.13488 651748.5 n/a 0.012370115 0.018 703.4057 33.6786 30.02599507 767.313 #REF! 838.5241 -135.1184311
4 0.101595042 0.008106528 4.429014363 0.188666394 4.731754999 0.088964614 0.403124975 0.003789699 49.7284352 5.13488 382605.3 n/a 0.013873105 0.018 1449.837 1.783246 41.25200652 1601.214 0.227257594 1654.562 -204.7248781
3.333333 0.084662535 0.005629534 4.53676977 0.13478869 4.846875914 0.091129073 0.28800406 0.00270747 51.15948816 5.13488 328013 n/a 0.01433266 0.018 1532.497 0.903928 38.67061918 1694.697 #REF! 1743.94 -211.4425458
3 0.076196282 0.004559922 4.585196681 0.110575235 4.898612995 0.092101813 0.236266978 0.0022211 51.81381722 5.13488 298987.5 n/a 0.014618519 0.018 1570.54 0.606436 36.87724073 1738.325 #DIV/0! 1785.028 -214.4874224
2.5 0.063496901 0.003166613 4.650121286 0.078112932 4.967975454 0.093405939 0.166904519 0.001569037 52.70758897 5.13488 253454.1 n/a 0.015147434 0.018 1622.422 0.301359 33.51934667 1798.813 #DIV/0! 1841.014 -218.5916794
2 0.050797521 0.002026632 4.704887837 0.050729656 5.026485516 0.094506023 0.108394458 0.001018995 53.48501938 5.13488 205754 n/a 0.015853478 0.018 1666.973 0.126651 29.32567666 1852.269 1889.053 -222.0797846
1.5 0.038098141 0.001139981 4.748582882 0.028882134 5.073167289 0.095383715 0.061712684 0.000580149 54.13485659 5.13488 156190.4 n/a 0.016861078 0.018 1703.037 0.040935 24.25518441 1897.552 1927.912 -224.8750866
1.25 0.031748451 0.000791653 4.766029851 0.02015865 5.091806828 0.095734169 0.043073146 0.000404922 54.40911183 5.13488 130818.1 n/a 0.017559161 0.018 1717.566 0.019919 21.37104203 1916.828 1943.561 -225.9948521
1 0.025398761 0.000506658 4.780430569 0.012958291 5.107191891 0.096023433 0.027688082 0.00026029 54.64846261 5.13488 105114.9 n/a 0.018480832 0.018 1729.615 0.008223 18.23275836 1933.729 1956.528 -226.9137748
**PICK A DIAMETER OF PIPE FROM ABOVE THAT GIVES DESIRED GRAIN HEIGHT AND ENTER HERE>>>>>> 0.25 m
**PUT THE CORRESPONDING HEIGHT OF SECTION A IN HERE>>>>>>>>> 3.224658034 m
**PUT THE CORRESPONDING HEIGHT OF SECTION B IN HERE>>>>>>>>> 0.790844558 m
With PipingPipe Diameter (m)Pipe Area (m²) A (m) B (m) Q a(cfm/bu) Q b(cfm/bu) Q a (m³/s) v a(m³/m²s) Q b (m³/s) v b(m³/m²s)v pipe (m³/m²s)Q tot (m³/s)Re f (laminar) f (turbulent)f (moody's)Δp a (Pa) Δp (Pa) pipe totΔp =0?
0.25 0.049087385 3.224658034 0.790844558 0.946000109 1.030915842 2.172694945 0.040850164 1.161363684 0.010918 23.65911 3.334059 447931.9176 n/a 0.013863 0.011 400.8278704 400.8279 -5.16607E-06
0.25 0.049087385 3.224658034 0.790844558 1.564019003 1.413750863 3.592109715 0.067537448 1.592641071 0.014972 32.44502 5.184751 614273.3572 n/a 0.013063 0.011 741.355322 741.3553 4.21341E-05
0.25 0.049087385 3.224658034 0.790844558 1.992979338 1.65655171 4.577310397 0.086060807 1.866164937 0.017543 38.0172 6.443475 719770.0861 n/a 0.012694 0.011 1010.956303 1010.956 -4.29653E-05
0.25 0.049087385 3.224658034 0.790844558 2.772956441 2.070676334 6.368697409 0.119741768 2.332691184 0.021929 47.52119 8.701389 899706.8272 n/a 0.012209 0.011 1566.755718 1566.755 -0.000228605
No Piping 0 0 4.80634715 0 1 0 3.423253316 0.064362675 0 0 0 3.423253 0 #DIV/0! n/a 1040.106442
0 0 4.80634715 0 1.5 0 5.134879973 0.096544013 0 0 0 5.13488 0 #DIV/0! n/a 1751.424806
0 0 4.80634715 0 2 0 6.846506631 0.128725351 0 0 0 6.846507 0 #DIV/0! n/a 2576.681829
0 0 4.80634715 0 2.5 0 8.558133289 0.160906689 0 0 0 8.558133 0 #DIV/0! n/a 3509.482317
*CROSS PIPE *CROSS PIPE
D (m) 0.5 1.212 1.925 2.637 3.349 4.062 4.774 5.486 D (m) 0.101595042 0.870815 1.640034 2.409254 3.178473462 3.947693 4.716912672 5.486132 *CROSS PIPE
L (m) 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 L (m) 0.101595042 0.101595 0.101595 0.101595 0.101595042 0.101595 0.101595042 0.101595 D (m) 0.076196 0.849044 1.621892 2.39474028 3.16758828 3.94043628 4.713284277 5.486132277
Q (m³/s) 3.099492199 3.099492199 3.099492199 3.099492199 3.099492199 3.099492199 3.099492199 3.099492199 Q (m³/s) 0.403124975 0.403125 0.403125 0.403125 0.403124975 0.403125 0.403124975 0.403125 L (m) 0.076196 0.076196 0.076196 0.07619628 0.07619628 0.07619628 0.076196282 0.076196282
v (m³/m²s) 3.946396037 1.627642096 1.025246058 0.748298254 0.589151783 0.485827113 0.413336667 0.35967015 v (m³/m²s) 12.4321088 1.450413 0.770131 0.524246 0.397373341 0.319944 0.267768497 0.230224 Q (m³/s) 0.236267 0.236267 0.236267 0.23626698 0.23626698 0.23626698 0.236266978 0.236266978
g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 v (m³/m²s) 12.95345 1.162489 0.608552 0.41215536 0.31159512 0.25048116 0.209409192 0.179909088
μ (Pa s) 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 μ (Pa s) 0.0000171 1.71E-05 1.71E-05 1.71E-05 0.0000171 1.71E-05 0.0000171 1.71E-05 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81
ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 μ (Pa s) 1.71E-05 1.71E-05 1.71E-05 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171
ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295
Re 149432.2476 149432.2476 149432.2476 149432.2476 149432.2476 149432.2476 149432.2476 149432.2476 Re 95651.32163 95651.32 95651.32 95651.32 95651.32163 95651.32 95651.32163 95651.32 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
f 0 0 0 0 0 0 0 0 f 0 0 0 0 0 0 0 0 Re 74746.87 74746.87 74746.87 74746.8738 74746.8738 74746.8738 74746.87384 74746.87384
Re is > 2130 Re is > 2130 f 0 0 0 0 0 0 0 0
f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 Re is > 2130
f colebrooks0.016274276 0.016245657 0.016238198 0.016234764 0.016232791 0.016231509 0.016230609 0.016229943 f colebrooks0.018131477 0.017975 0.017965 0.017962 0.017959924 0.017959 0.017958052 0.017958 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
F (m) (straight pipe)0.012918259 0.00090472 0.000226007 8.78558E-05 4.28721E-05 2.40383E-05 1.48029E-05 9.75283E-06 F (m) (straight pipe)0.142831429 0.000225 3.36E-05 1.06E-05 4.62016E-06 2.41E-06 1.41349E-06 8.98E-07 f colebrooks0.019232 0.019049 0.019041 0.01903741 0.01903582 0.01903486 0.019034213 0.019033748
ϒ (N/m³) 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 ϒ (N/m³) 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 F (m) (straight pipe)0.164477 0.000118 1.69E-05 5.2445E-06 2.266E-06 1.177E-06 6.87761E-07 4.36113E-07
Δp (Pa) 0.164112923 0.011493522 0.002871185 0.001116116 0.000544645 0.000305382 0.000188055 0.000123899 avg 0.000165 Δp (Pa) 1.814523329 0.002857 0.000427 0.000135 5.86943E-05 3.06E-05 1.7957E-05 1.14E-05 avg 0.227258 ϒ (N/m³) 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395
Δp (Pa) 2.089514 0.001496 0.000214 6.6626E-05 2.8787E-05 1.4953E-05 8.73728E-06 5.54036E-06 avg #DIV/0!
*CROSS PIPE *CROSS PIPE
D (m) 0.25 0.998018897 1.746037793 2.49405669 3.242075587 3.990094483 4.73811338 5.486 D (m) 0.084662535 0.856301 1.62794 2.399578 3.171216673 3.942855 4.714493742 5.486132 *CROSS PIPE
L (m) 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 L (m) 0.084662535 0.084663 0.084663 0.084663 0.084662535 0.084663 0.084662535 0.084663 D (m) 0.063497 0.838159 1.612821 2.38748349 3.16214569 3.93680788 4.71147008 5.486132277
Q (m³/s) 1.689803819 1.689803819 1.689803819 1.689803819 1.689803819 1.689803819 1.689803819 1.689803819 Q (m³/s) 0.28800406 0.288004 0.288004 0.288004 0.28800406 0.288004 0.28800406 0.288004 L (m) 0.063497 0.063497 0.063497 0.0634969 0.0634969 0.0634969 0.063496901 0.063496901
v (m³/m²s) 8.606100179 2.155795899 1.232232803 0.862660842 0.663625812 0.539216566 0.454088974 0.392175204 v (m³/m²s) 12.78987204 1.264535 0.665149 0.451256 0.341453487 0.274629 0.22967959 0.197375 Q (m³/s) 0.166905 0.166905 0.166905 0.16690452 0.16690452 0.16690452 0.166904519 0.166904519
g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81 v (m³/m²s) 13.1769 0.99825 0.518775 0.35044939 0.26459633 0.2125306 0.177586216 0.152510385
μ (Pa s) 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171 μ (Pa s) 0.0000171 1.71E-05 1.71E-05 1.71E-05 0.0000171 1.71E-05 0.0000171 1.71E-05 g (m/s²) 9.81 9.81 9.81 9.81 9.81 9.81 9.81 9.81
ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295 μ (Pa s) 1.71E-05 1.71E-05 1.71E-05 0.0000171 0.0000171 0.0000171 0.0000171 0.0000171
ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003 ρ (kg/m³) 1.295 1.295 1.295 1.295 1.295 1.295 1.295 1.295
Re 162937.1306 162937.1306 162937.1306 162937.1306 162937.1306 162937.1306 162937.1306 162937.1306 Re 82003.2616 82003.26 82003.26 82003.26 82003.2616 82003.26 82003.2616 82003.26 ε (mm) 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
f 0 0 0 0 0 0 0 0 f 0 0 0 0 0 0 0 0 Re 63363.53 63363.53 63363.53 63363.5279 63363.5279 63363.5279 63363.52789 63363.52789
Re is > 2130 Re is > 2130 f 0 0 0 0 0 0 0 0
f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 Re is > 2130
f colebrooks0.016022105 0.015945196 0.015934091 0.01592964 0.015927242 0.015925742 0.015924716 0.015923969 f colebrooks0.018807801 0.018635 0.018625 0.018622 0.018620495 0.018619 0.01861879 0.018618 f moodys 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
F (m) (straight pipe)0.060483007 0.000946123 0.000176563 6.05649E-05 2.7568E-05 1.47871E-05 8.83058E-06 5.68835E-06 F (m) (straight pipe)0.156809155 0.00015 2.18E-05 6.82E-06 2.95407E-06 1.54E-06 8.98987E-07 5.7E-07 f colebrooks0.020025 0.019824 0.019816 0.01981328 0.01981184 0.01981097 0.019810384 0.019809964
ϒ (N/m³) 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 ϒ (N/m³) 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 F (m) (straight pipe)0.177215 7.63E-05 1.07E-05 3.2985E-06 1.4196E-06 7.3563E-07 4.29149E-07 2.71813E-07
Δp (Pa) 0.768373094 0.012019493 0.00224305 0.000769413 0.000350222 0.000187855 0.000112183 7.22645E-05 avg #REF! Δp (Pa) 1.992095667 0.001908 0.000277 8.66E-05 3.75283E-05 1.95E-05 1.14207E-05 7.25E-06 avg #REF! ϒ (N/m³) 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395 12.70395
Δp (Pa) 2.251335 0.000969 0.000136 4.1904E-05 1.8034E-05 9.3454E-06 5.45189E-06 3.4531E-06 avg #DIV/0!
Q b (m³/s) D (m) L (m) v (m³/m²s) Re f (laminar) f (turbulent) f (moody's) F (m) Δp (Pa) Averages
0.988458 1.113533374 0.25 0.25 5.671178905 107371.0041 n/a 0.01616811 0.04 0.026503727 0
1.113533374 0.998018897 0.25 1.4206091 107371.0041 n/a 0.01616811 0.04 0.000416592 0
1.113533374 1.746037793 0.25 0.812006895 107371.0041 n/a 0.01616811 0.04 7.77976E-05 0
1.113533374 2.49405669 0.25 0.568469326 107371.0041 n/a 0.01616811 0.04 2.66937E-05 0
1.113533374 3.242075587 0.25 0.437310818 107371.0041 n/a 0.01616811 0.04 1.21523E-05 0
1.113533374 3.990094483 0.25 0.35532861 107371.0041 n/a 0.01616811 0.04 6.51895E-06 0
1.113533374 4.73811338 0.25 0.299231912 107371.0041 n/a 0.01616811 0.04 3.89324E-06 0
1.113533374 5.486132277 0.25 0.258432472 107371.0041 n/a 0.01616811 0.04 2.508E-06 0 0
1.488885 1.677282297 0.25 0.25 8.542328592 161729.7592 n/a 0.014798765 0.04 0.055040074 0
1.677282297 0.998018897 0.25 2.139821355 161729.7592 n/a 0.014798765 0.04 0.000865133 0
1.677282297 1.746037793 0.25 1.223101903 161729.7592 n/a 0.014798765 0.04 0.000161562 0
1.677282297 2.49405669 0.25 0.856268487 161729.7592 n/a 0.014798765 0.04 5.54345E-05 0
1.677282297 3.242075587 0.25 0.658708315 161729.7592 n/a 0.014798765 0.04 2.52365E-05 0
1.677282297 3.990094483 0.25 0.535220947 161729.7592 n/a 0.014798765 0.04 1.35378E-05 0
1.677282297 4.73811338 0.25 0.450724155 161729.7592 n/a 0.014798765 0.04 8.08505E-06 0
1.677282297 5.486132277 0.25 0.389269168 161729.7592 n/a 0.014798765 0.04 5.20835E-06 0 0
1.824766 2.055663834 0.25 0.25 10.46940994 198214.7057 n/a 0.014182517 0.04 0.079231655 0
2.055663834 0.998018897 0.25 2.622548023 198214.7057 n/a 0.014182517 0.04 0.001245382 0
2.055663834 1.746037793 0.25 1.499023958 198214.7057 n/a 0.014182517 0.04 0.000232572 0
2.055663834 2.49405669 0.25 1.049435843 198214.7057 n/a 0.014182517 0.04 7.97994E-05 0
2.055663834 3.242075587 0.25 0.807307669 198214.7057 n/a 0.014182517 0.04 3.63287E-05 0
2.055663834 3.990094483 0.25 0.655962533 198214.7057 n/a 0.014182517 0.04 1.94881E-05 0
2.055663834 4.73811338 0.25 0.552403937 198214.7057 n/a 0.014182517 0.04 1.16386E-05 0
2.055663834 5.486132277 0.25 0.477085194 198214.7057 n/a 0.014182517 0.04 7.49756E-06 0 0
2.421816 2.728263053 0.25 0.25 13.89492963 263069.2087 n/a 0.013387078 0.04 0.131734488 0
2.728263053 0.998018897 0.25 3.480627891 263069.2087 n/a 0.013387078 0.04 0.002070633 0
2.728263053 1.746037793 0.25 1.989494398 263069.2087 n/a 0.013387078 0.04 0.000386686 0
2.728263053 2.49405669 0.25 1.39280411 263069.2087 n/a 0.013387078 0.04 0.000132678 0
2.728263053 3.242075587 0.25 1.071453245 263069.2087 n/a 0.013387078 0.04 6.04018E-05 0
2.728263053 3.990094483 0.25 0.87058901 263069.2087 n/a 0.013387078 0.04 3.24019E-05 0
2.728263053 4.73811338 0.25 0.733146746 263069.2087 n/a 0.013387078 0.04 1.9351E-05 0
2.728263053 5.486132277 0.25 0.633184224 263069.2087 n/a 0.013387078 0.04 1.24658E-05 0 0
Plenum and section depth calculations for large bin model
FAN CURVES AND OPERATING POINTS
Fan Data
Fan # Q(cmm) Q(cms) S.P. (Pa)









Q (m³/s) System (Pa) Fan (Pa) S=F?
W/ Pipes 6.3145183 981.611316 981.6113023 1.369E-05
W/O Pipes 4.7981407 1603.44439 1603.445083 -0.00069
W/ Plenum 6.3145183 981.611312 981.6113117 0
W/O Plenum 4.7981407 1603.44439 1603.445083 -0.00069
y = 9.367x2 + 104.53x - 51.937
y = 18.9x2 + 254.58x - 53.185

























System and fan curve data for large bin model
HEATER SIZING
Psychometric Properties heater size = mda(h2-h1)
Tdb1 (˚C) 20 Tdb2 (˚C) 33.98 mda=Q/v
RH1 0.4426 RH2 28.434 W/ Pipes W/O Pipes W/ Plenum W/O Plenum
Psat (Pa) 2339 Psat (Pa) 5351.6 Q (m^3/s) 6.3145183 4.798141 6.314518294 4.79814074
Pv (Pa) 1035.2414 Pv (Pa) 1057.861286 v (m^3/kg) 0.8782628 0.878263 0.878262805 0.87826281
Patm (Pa) 96830 Patm (Pa) 96830 mda (kg/s) 7.1897822 5.463218 7.189782211 5.46321752
H1 (kg/kg) 0.0067333 H2 (kg/kg) 0.006733252
h1 (kJ/kg) 37.24592 h2 (kJ/kg) 51.50034138 heater size (kW)102.48618 77.875 102.4861843 77.8750039
DUCT SIZING
*keep velocity under 1200 ft/min
Qmax 5 m^3air/min/m^3product ε (mm) 0.009 **assume metal galvanized duct
Vmax (m/s) 6
* go next size up?
Q (m³/s) A (m²) D (m) D (mm) D (mm) D (m) A (m²) v (m/s) L (m) Re f (laminar) f (turbulent) f (moody's) Fsp (m air) Fent (m) P (Pa)
W/ Pipes 6.3145183 1.05241972 1.15757609 1157.5761 914 0.914 0.656118 9.624051854 0.58 666158.859 n/a 0.0117516 0.03 0.035204 0 0.447234
W/O Pipes 4.7981407 0.79969012 1.009057525 1009.0575 914 0.914 0.656118 7.312918109 0.58 506186.506 n/a 0.01232051 0.03 0.02131 0 0.270727
W/ Plenum 6.3145183 1.05241972 1.157576088 1157.5761 914 0.914 0.656118 9.624051824 0.58 666158.857 n/a 0.0117516 0.03 0.035204 0 0.447234
W/O Plenum 4.7981407 0.79969012 1.009057525 1009.0575 914 0.914 0.656118 7.312918109 0.58 506186.506 n/a 0.01232051 0.03 0.02131 0 0.270727
MOISTURE CONTENT DATA
0.143507168 wb 0.07 wb
0.177169343 db 0.08641975 db
ρbulk=734.5-219M+70M²
*where M is moisture content db, initial
ρbulk (kg/m³) 697.89714
mass a (kg) m w a (kg) m d a (kg) mass b (kg) m w b (kg) m d b (kg) m w a (kg) m w b (kg) wtr rmv a (kg)wtr rmv b (kg)
W/ Pipes 119696.11 17177.2497 102518.8598 58710.732 8425.41087 50285.321 7716.473 3784.916644 9460.77635 4640.49423
W/O Pipes 178406.84 25602.6605 152804.1809 0 0 0 11501.39 0 14101.2706 0
W/ Plenum 119696.11 17177.2497 102518.8598 58710.732 8425.41087 50285.321 7716.473 3784.916644 9460.77635 4640.49423




Hout (kg/kg) 0.0118579 *try new temperature
hout (kJ/kg) 51.500341 ERH (guess) 0.82
ERH (guess) 0.94 T psych C 20
T psych C 23.4 RH 0.7410106
A 2.87 ERH (guess) 0.7
B -0.0054 T psych C 21.6
C 1.38 RH 0.7429239
MCd 17.716934 ERH (guess) 0.74
RH 0.7450624 T psych C 21.2
ERH ≠ RH RH 0.7424467
SYSTEM AS PIPES WITHOUT PIPES SYSTEM AS PLENUM WITHOUT PLENUMS
Q (m^3/s) 6.3145183 Q (m^3/s) 4.7981407 Q (m^3/s) 6.31451829 Q (m^3/s) 4.798141
Q (ft^3/min) 13381.665 Q (ft^3/min) 10168.173 Q (ft^3/min) 13381.6654 Q (ft^3/min) 10168.17
V (m^3) 255.63486 V (m^3) 255.63486 V (m^3) 255.634865 V (m^3) 255.6349
V (ft^3) 9028.9818 V (ft^3) 9028.9818 V (ft^3) 9028.98176 V (ft^3) 9028.982
V (bu) 7254.525 V (bu) 7254.525 V (bu) 7254.52496 V (bu) 7254.525
Q (cfm/bu) 1.8445957 Q (cfm/bu) 1.4016318 Q (cfm/bu) 1.84459568 Q (cfm/bu) 1.401632
v (m^3/kg) 0.8782628 v (m^3/kg) 0.8782628 v (m^3/kg) 0.87826281 v (m^3/kg) 0.878263
Q a (m^3/s) 4.2365151 Q b (m^3/s) 2.078003228 Q a (m^3/s) 4.7981407 Q a (m^3/s) 4.23651509 Q b (m^3/s) 2.078003 Q a (m^3/s) 4.798141
mda a (kg/s) 4.8237442 mda b (kg/s) 2.366038064 mda a (kg/s) 5.4632175 mda a (kg/s) 4.82374417 mda b (kg/s) 2.366038 mda a (kg/s) 5.463218
dr a (kg/s) 0.0247202 dr b (kg/s) 0.012125197 dr a (kg/s) 0.0279973 dr a (kg/s) 0.02472016 dr b (kg/s) 0.012125 dr a (kg/s) 0.027997
time a (s) 382714.96 time b (s) 382714.9573 time a (s) 503666.05 time a (s) 382714.957 time b (s) 382715 time a (s) 503666.1
time a (min) 6378.5826 time a (min) 6378.582621 time a (min) 8394.4342 time a (min) 6378.58262 time a (min) 6378.583 time a (min) 8394.434
time a (hr) 106.30971 time a (hr) 106.3097103 time a (hr) 139.90724 time a (hr) 106.30971 time a (hr) 106.3097 time a (hr) 139.9072
time a (day) 4.4295713 time a (day) 4.429571264 time a (day) 5.8294682 time a (day) 4.42957126 time a (day) 4.429571 time a (day) 5.829468
OPERATING COSTS
SYSTEM A PIPES WITHOUT PIPES SYSTEM AS PLENUM WITHOUT PLENUM
Power Delivered (W) 6198.4025 7693.55187 6198.40259 7693.555
Power Consumed (W) 61984.025 76935.5187 61984.0259 76935.55
Power Consumed by heater (kW) 102.48618 77.87500389 102.486184 77.875
Time (hr) 106.30971 139.9072367 106.30971 139.9072
Duty cycle for heater 0.7 0.7 0.7 0.7 *assumption
Cost of Electricity ($/kWh) 0.1 0.1 0.1 0.1
Operating Costs fan ($) 658.95038 1076.383583 658.950383 1076.384
Operating Costs heater ($) 762.66936 762.6693623 762.66936 762.6694
Operating Costs total ($) 1421.6197 1839.052945 1421.61974 1839.053
INITIAL FINAL
INITIAL FINAL
Pyschometric data, moisture content, and final results for large bin model
